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Description
BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The present invention relates to a method for
producing a MEMS transducer used for transmission/re-
ception of ultrasonic waves, a MEMS transducer, an ul-
trasound probe, and an ultrasound diagnostic apparatus.

2. Description of Related Art

[0002] Micro electro mechanical system (MEMS) de-
vices produced by MEMS techniques using semiconduc-
tor manufacturing techniques have spread recently. The
MEMS devices are used for sensors, transducers, and
the like.

[0003] Examples of those of the transducers which are
configured to generate ultrasonic waves (ultrasound
transducers) include a piezoelectric micromachined ul-
trasonic transducer (pMUT). The pMUT transmits/re-
ceives ultrasonic waves by causing vibration of a dia-
phragm (movable film) in the same manner as a drum.
The diaphragm has a unimorph structure in which a pi-
ezoelectric thin film (actuator layer) such as PTZ is
formed on a substrate (base material layer) such as a
silicon substrate or the like.

[0004] As compared, for example, with piezoelectric
elements divided by dicing or the like of a bulk PTZ, the
pMUT has various characteristics as follows: a frequency
bandwidth can be wider; further micromachining is pos-
sible, so that high-resolution can be expected; the pMUT
is suitable for forming a two-dimensional array of piezo-
electric elements for generating three-dimensional imag-
es; miniaturization and thickness reduction is possible;
and the like.

[0005] Examples of semiconductor manufacturing
methods using MEMS techniques include techniques
disclosed in Japanese Patent No. 5108100, Japanese
Patent No. 5450396, and Japanese Patent Application
Laid-Open No. 2006-202918, for example.

[0006] Such apMUT is produced by bonding together
a substrate (MEMS substrate) in which diaphragms are
formed, another substrate (electronic circuit substrate)
on which a signal detection circuit (e.g., CMOS circuit)
adapted to detect transmission/reception signals for
transmission/reception of ultrasonic waves at the dia-
phragms is formed, interposer, and connecting wiring
such as a flexible wiring board or the like.

[0007] In this respect, when it is attempted to produce
the pMUT by forming the MEMS substrate and electronic
substrate at the same time (i.e., by forming the MEMS
substrate on the electronic circuit substrate on which the
signal detection circuit has been formed, for example),
the following disadvantages are caused. That is, high
temperature annealing is required in order to deposit a
preferable piezoelectric thin film (for example, PZT) on
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the MEMS substrate, so that the signal detection circuit
may be damaged by the high temperature. Additionally,
when the MEMS substrate is formed on the signal de-
tection circuit of the electronic circuit substrate, the signal
detection circuit of the same size as the MEMS substrate
needs to be prepared and this necessity causes a dis-
advantage in terms of yield of the signal detection circuit.
Accordingly, it is desirable for the MEMS substrate and
the electronic circuit substrate to be manufactured indi-
vidually and then bonded together.

[0008] When the MEMS substrate and the electronic
circuit substrate are manufactured individually and then
bonded together, highly accurate alignment in bonding
is required for achieving a higher-definition and higher-
resolution ultrasound diagnostic apparatus. However, for
achieving highly accurate alignment, dedicated equip-
ment for highly mechanically accurate alignment and/or
additional machining for alignment are required, which
cost greatly. Moreover, there has been a problem of low
accuracy due to inability to directly observe connected
surfaces when bonding together the MEMS substrate
and the electronic circuit substrate. Thus, in cases where
high-density and multi-pin connection is required as in
the case of ultrasonic transducers, there has been a risk
of a connection error being caused.

[0009] Additionally, there has been a demand for dif-
ferent ultrasound probes (e.g., linear type, convex type,
sector type, and the like) to be properly used, and simi-
larly, there also has been a demand for multiple MEMS
substrates of different sizes and shapes to be prepared
in advance and to be properly used according to obser-
vation targets during ultrasonic diagnosis using an ultra-
sound diagnostic apparatus. In contrast, as for the elec-
tronic circuit substrate, it is preferable in view of the cost
that the same circuit can possibly be used. For the rea-
sons as stated above, it is desirable for the MEMS sub-
strate to mainly include alignment means.

[0010] Thus, thereis a demand for a technique making
it possible to connect the MEMS substrate and the elec-
tronic circuit substrate with high accuracy and atlow cost.

SUMMARY OF THE INVENTION

[0011] Objects of the present invention are to provide
a method for producing of a MEMS transducer, in which
a MEMS substrate and an electronic circuit substrate can
be connected with high accuracy and at low cost, a
MEMS transducer, an ultrasound probe, and an ultra-
sound diagnostic apparatus.

[0012] Inordertoachieve atleast one of the aforemen-
tioned objects, the method for producing of the MEMS
transducer, in which one aspect of the present invention
is reflected, includes: a step of producing a MEMS sub-
strate by using a MEMS technique to form a plurality of
diaphragms in a substrate, the plurality of diaphragms
being formed by forming a piezoelectric material layer on
one surface of the substrate and thereafter by forming
openings in the substrate from the other surface of the
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substrate; a step of performing alignment between the
MEMS substrate and an electronic circuit substrate by
using at least one of the plurality of diaphragms as an
alignment diaphragm; and a step of bonding together the
MEMS substrate and the electronic circuit substrate.

BRIEF DESCRIPTION OF DRAWING

[0013] The advantages and features provided by one
or more embodiments of the invention will become more
fully understood from the detailed description given here-
inbelow and the appended drawings which are given by
way of illustration only, and thus are not intended as a
definition of the limits of the present invention:

FIG. 1 illustrates a configuration in external appear-
ance of an ultrasound diagnostic apparatus including
an ultrasonic transducer;

FIG. 2 is a block diagram illustrating an electrical
configuration example of the ultrasound diagnostic
apparatus;

FIG. 3 is an explanatory view for explaining a con-
figuration of an ultrasound probe;

FIG. 4 is a plan view of a substrate for explaining
diaphragms;

FIG. 5 is a sectional view of one of the diaphragms
constituting a pMUT element;

FIG. 6 is an explanatory view for explaining channel
diaphragms constituting a channel for transmis-
sion/reception of ultrasonic waves, and for explain-
ing dummy diaphragms;

FIG. 7A is an explanatory view for explaining an
alignment diaphragm;

FIG. 7B is a plan view of the substrate for explaining
an alignment mark;

FIG. 8 is an explanatory view for explaining align-
ment method 1;

FIG. 9 is an explanatory view for explaining align-
ment method 3 in which infrared light is used; and
FIG. 10 is an explanatory view for explaining a case
where the alignment diaphragm is provided on one
of scribe lines SL.

DETAILED DESCRIPTION OF EMBODIMENTS

[0014] Hereinafter, one or more embodiments of the
present invention will be described with reference to the
drawings. However, the scope of the invention is not lim-
ited to the disclosed embodiments.

[0015] FIG. 1 illustrates a configuration of an ultra-
sound diagnostic apparatus in external appearance, the
ultrasound diagnostic apparatus including an ultrasonic
transducer as an example of a MEMS transducer accord-
ing to embodiments of the present invention. FIG. 2 is a
block diagram illustrating an electrical configuration ex-
ample of the ultrasound diagnostic apparatus according
to the embodiments of the present invention.

[0016] Ultrasounddiagnostic apparatus 1is configured
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to include ultrasound-diagnostic-apparatus body 10, ul-
trasound probe 20, and cable 30.

[0017] Ultrasound probe 20 transmits ultrasonic sig-
nals to a human body as a subject (not illustrated), and
receives the ultrasonic signals reflected by the human
body. In ultrasound probe 20, multiple pMUT cells (de-
scribed hereinbelow) that are ultrasonic transducers are
arranged.

[0018] Ultrasound-diagnostic-apparatus body 10 is
connected to ultrasound probe 20 via cable 30, and trans-
mits transmission signals that are electrical signals via
cable 30, so as to allow ultrasound probe 20 to transmit
the ultrasonic signals. Additionally, ultrasound-diagnos-
tic-apparatus body 10 forms ultrasonographic images of
the internal state of the human body using electrical sig-
nals generated at ultrasound probe 20 based on the ul-
trasonic signals received by ultrasound probe 20.
[0019] Specifically, ultrasound-diagnostic-apparatus
body 10 is configured to include operation input section
11, transmission section 12, reception section 13, image
processing section 14, display section 15, and control
section 16.

[0020] For example, a command indicating the start of
diagnosis, information on a subject, or the like are input
using operation input section 11. Operation input section
11 is an operation panel, a keyboard, or the like provided
with multiple input switches, for example.

[0021] Transmission section 12 transmits control sig-
nals received from control section 16 to ultrasound probe
20 via cable 30. That is, transmission section 12 makes
ultrasound probe 20 operate for transmission of ultrason-
ic signals to the subject.

[0022] Reception section 13 receives via cable 30, re-
ception signals transmitted from ultrasound probe 20.
That is, reception section 13 makes ultrasound probe 20
operate to receive ultrasonic signals coming from the
subject in response to the transmitted ultrasonic signals.
Then, reception section 13 outputs the received ultrason-
ic signals to image processing section 14.

[0023] Image processing section 14 uses the ultrason-
ic signals received from reception section 13 to generate
an image (ultrasonographic image) for ultrasonic diag-
nosis in accordance with instructions by control section
16. The ultrasonographic image shows the internal state
of the subject.

[0024] Display section 15displays the ultrasonograph-
ic image generated by image processing section 14 in
accordance with instructions by control section 16.
[0025] Control section 16 controls operation input sec-
tion 11, transmission section 12, reception section 13,
image processing section 14, and display section 15 ac-
cording to their functions, so as to entirely control ultra-
sound diagnostic apparatus 1.

[Ultrasound Probe]

[0026] FIG. 3 is an explanatory view for explaining a
configuration of ultrasound probe 20. Ultrasound probe
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20 includes protective layer 21, pMUT element 22 as an
ultrasonic transmission/reception transducer, backing
material 23, and signal processing circuit 24. Note that
the detailed descriptions of pMUT element 22 will be giv-
en below.

[0027] Protective layer 21 protects pMUT element 22.
This protective layer 21 is formed from a comparatively
flexible material such as silicone rubber or the like which,
when coming into contact with a human body, does not
give discomfort to the human body, and which has an
acoustic impedance comparatively similar to that of the
human body.

[0028] Backing material 23 forms through-wiring for at-
tenuating unnecessary vibration arising at pMUT ele-
ment 22 and for electrically connecting pMUT element
22 to signal processing circuit 24. Additionally, backing
material 23 has a function of transferring and diffusing,
via signal processing circuit 24 through cable 30, heat
arising at pMUT element 22, so as to prevent a temper-
ature rise at the surface of the human body with which
protective layer 21 comes into contact. Signal processing
circuit 24 is a circuit which generates pulse signals for
ultrasonic transmission, processes received pulse sig-
nals, and the like, and which is connected to ultrasound-
diagnostic-apparatus body 10 via cable 30.

[PMUT Element]

[0029] PMUT element 22 is produced using Micro
Electro Mechanical Systems (MEMS) techniques. PMUT
element 22 is formed by bonding together substrate 101
in which multiple diaphragms 22a as vibrators are dis-
posed two-dimensionally (or, one-dimensionally) and
substrate 401 (see FIG. 5 described below) in which sig-
nal detection circuit 400 configured to detect signals from
diaphragms 22a is provided. FIG. 4 is a plan view of sub-
strate 101 for explaining diaphragms 22a. Diaphragms
22a transmit/receive ultrasonic waves by vibration. In
FIG. 4, the section surrounded by the dotted line (region
E in FIG. 4) corresponds to one cell.

[0030] FIG. 5is a sectional view of one of diaphragms
22a constituting pMUT element 22. Diaphragm 22a is
composed of piezoelectric element 100, and includes
substrate 101 having opening 101d, vibrating plate 102,
piezoelectric material layer 103, and electrodes 104aand
104b.

[0031] Substrate 101 is a Silicon on Insulator (SOI)
substrate formed by stacking, for example, Silayer 101a,
SiO,, layer 101b, and Si layer 101c on one another. Sub-
strate 101 is an example of the MEMS substrate of the
presentinvention. Vibrating plate 102 is formed by open-
ing 101d provided by removing Si layer 101c and SiO,
layer 101b, for example, by etching from the undersur-
face side of substrate 101. That is, vibrating plate 102
has a thin plate structure formed by Si layer 101a and
opening 101d.

[0032] Piezoelectric material layer 103 is composed of
a thin film of PZT (lead zirconate titanate), for example,
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and is formed on the side opposite to opening 101d rel-
ative to vibrating plate 102 in order for vibrating plate 102
to be vibrated by an applied electric field. Piezoelectric
material layer 103 is patterned and, for example, has a
substantially regular octagonal cell shape in cross sec-
tion. Note that, the cross section of piezoelectric material
layer 103 may also have a shape other than regular oc-
tagonal (e.g., a circular shape, polygonal shape other
than regular octagonal, or the like).

[0033] Electrode 104a is an electrode on the side of
upper surface of piezoelectric material layer 103, and is
a common electrode. In contrast, electrode 104b is an
electrode on the side of undersurface of piezoelectric ma-
terial layer 103, and is drawn out downward from sub-
strate 101 via a through-silicon via or the like.

[0034] Drawn-out electrode 104b is electrically con-
nected to signal detection circuit 400 disposed on sub-
strate 401. Signal detection circuit 400 is a CMOS circuit
for detecting signals from diaphragms 22a, for example.
Substrate 401 is an example of an electronic circuit sub-
strate of the present invention. Signal detection circuit
400 is electrically connected to signal processing circuit
24,

[0035] Diaphragms 22a are each designed such that
the effectual acoustic impedance is consistent with the
acousticimpedance of the living body, and thus can con-
vey an ultrasonic wave to a living body efficiently. Spe-
cifically, the rigidity of each of diaphragms 22a may be
optimized, and more preferably, the material and thick-
ness of vibrating plate 102, the thickness of piezoelectric
material layer 103, the diameter of diaphragm 22a, the
space between electrodes 104a and 104b, and/or the
like may be optimized appropriately depending on a res-
onance frequency, transmission characteristics (sensi-
tivity, frequency band), reception characteristics (sensi-
tivity, frequency band), and/or the like.

[Method for Producing pMUT Element 22]

[0036] Next, the method for producing pMUT element
22 configured as described above will be described.

[0037] To begin with, a SOl wafer having the stack
structure in which SiO, layer 101b is stacked between
two Si layers 101a and 101c is prepared as substrate
101, and electrode 104b is formed on a platelike silicon
member on one side of substrate 101 by depositing tita-
nium, gold, platinum, and the like by sputtering or the like.
[0038] Piezoelectric material layer 103 is formed on
electrode 104b by depositing PZT by sputtering process,
sol-gel process, or the like. Additionally, electrode 104a
is formed on piezoelectric material layer 103 by depos-
iting gold, platinum, and the like by sputtering or the like.
[0039] Next, electrode 104a, piezoelectric material lay-
er 103, and electrode 104b are shaped one after another
by patterning such that electrode 104a, piezoelectric ma-
terial layer 103, and electrode 104b each have substan-
tially regular octagonal cell shapes. Additionally, open-
ings 101d are each formed at a position corresponding
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to vibrating plate 102 in the platelike member by etching
or the like from the surface of substrate 101 facing away
from vibrating plate 102 and piezoelectric material layer
103. Each of these cell shapes corresponds to diaphragm
22a.

[0040] In this way, electrode 104a, piezoelectric mate-
rial layer 103, electrode 104b, and the platelike silicon
member that is a part of substrate 101 are stacked on
one another, and multiple vibrating plates 102 uncovered
on the undersurface side of the stack are formed.
[0041] Then, electrode 104b on the lower side of pie-
zoelectric material layer 103 is drawn out by the through-
silicon via through substrate 101.

[0042] Substrate 101 in which multiple diaphragms
22a are formed as described above is bonded to sub-
strate 401 on which signal detection circuit (CMOS cir-
cuit) 400 is formed in advance after substrate 101 is
aligned to substrate 400. As for the bonding method, flip
chip assembly techniques, such as an anisotropic con-
ductive film (ACF), solder bump, and/or the like may be
used, for example. Both of the electrodes are connected
to signal detection circuit 400 at this time. The details of
the alignment method will be described below.

[0043] As described above, diaphragms 22a of pMUT
element 22 are produced by forming piezoelectric mate-
rial layer 103 on one surface of substrate 101 that is a
SOl substrate and thereafter by providing openings 101d
in the other surface by etching to form vibrating plates
102.

[0044] It should be noted that, when multiple dia-
phragms 22a are formed in substrate 101 by the method
as described above, an etching solution may flow com-
paratively more into places near the edge portion of the
SOl wafer as substrate 101 than into a place near the
central portion, so that the etching rate may increase in
such places near the edge portion. In that case, variations
in characteristics between those of diaphragms 22a
formed near the central portion and those of diaphragms
22a formed near the edge portion of substrate 101 may
arise.

[0045] The variations in characteristics of diaphragms
22a,when arise, make preferable transmission/reception
of ultrasonic waves difficult. In order to avoid such a sit-
uation, some of produced multiple diaphragms 22a are
determined as dummy diaphragms and are not used for
the transmission/reception of ultrasonic waves in the em-
bodiments of the present invention.

[0046] FIG. 6 is an explanatory view for explaining
channel diaphragms 22aC constituting a channel for
transmission/reception of ultrasonic waves, and for ex-
plaining dummy diaphragms 22aD. In the example illus-
trated in FIG. 6, those of two-dimensionally disposed di-
aphragms 22a disposed in predetermined numbers of
columns and rows (two columns and two rows in FIG. 6)
from the farthest edge portion are determined as dummy
diaphragms 22aD, and those of two-dimensionally dis-
posed diaphragms 22a disposed inside dummy dia-
phragms 22aD are determined as channel diaphragms
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22aC. Note that the solid line corresponds to the edge
of substrate 101 in FIG. 6.

[0047] Thereis no difference between methods for pro-
ducing channel diaphragms 22aC and dummy dia-
phragms 22aD, and their structures are the same at the
design stage. In the example illustrated in FIG. 6, those
of diaphragms 22a which are disposed at the position
where the variations in characteristics arise at the pro-
duction stage (during etching), for example, at the posi-
tion near the edge portion are dummy diaphragms 22aD.
Dummy diaphragms 22aD are not used for transmis-
sion/reception of ultrasonic waves, and are not connect-
ed to signal detection circuit 400. Specifically, dummy
diaphragms 22aD may be configured not to include the
aforementioned through-silicon vias from electrodes
104b, for example.

[0048] In this way, some of multiple diaphragms 22a
produced by the same production method are deter-
mined as dummy diaphragms 22aD which are not used
for transmission/reception of ultrasonic waves, so that
the characteristics of pMUT element 22 as the ultrasonic
transmission/reception transducer can be made prefer-
able. Note that, although those of diaphragms 22a
formed near the edge portion are determined as dummy
diaphragms 22aD in the example illustrated in FIG. 6,
the present invention is not limited to this example and
those of diaphragms 22a disposed at other positions may
also be determined as dummy diaphragms 22aD.

[Alignment Method]

[0049] Substrate 101 in which multiple diaphragms
22a are formed by the aforementioned production meth-
od is aligned to substrate 401 on which signal detection
circuit 400 is formed, and thereafter substrates 101 and
401 are bonded to each other. Hereinbelow, the method
for aligning substrate 101 to substrate 401 will be de-
scribed.

<Method 1>

[0050] FIG. 7A is an explanatory view for explaining
an alignment diaphragm, and FIG. 7B is a plan view of
substrate 401 for explaining alignment mark 402. In FIG.
7B, illustration of signal detection circuit 400 formed on
substrate 401 is omitted.

[0051] Asillustrated in FIG. 7A, at least one of multiple
dummy diaphragms 22aD is used for alignment. Herein-
below, dummy diaphragm 22aD used for alignment is
referred to as "alignment diaphragm 22aP." Note that,
as in the illustration of FIG. 6, FIG. 7A illustrates the case
where those of diaphragms 22a which are disposed in
predetermined columns and rows near the edge portion
of substrate 101 are determined as dummy diaphragms
22aD.

[0052] In Method 1, vibrating plate 102, piezoelectric
material layer 103, and electrodes 104a and 104b con-
stituting alignment diaphragm 22aP are broken up and
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removed, and observation window OW is created. This
breaking-up and removal are carried out, for example,
immediately before substrate 101 and substrate 401 are
aligned to each other. Breaking-up and removal of align-
ment diaphragm 22aP may be carried out by breaking
up and removing vibrating plate 102, piezoelectric mate-
rial layer 103, and electrodes 104a and 104b constituting
alignment diaphragm 22aP, for example, using a stick or
the like having a diameter smaller than that of dummy
diaphragm 22aD. That is, in Method 1, observation win-
dow OW is a mere hole having the same size and shape
as other diaphragms 22a. Note that, vibrating plate 102,
piezoelectric material layer 103, and electrodes 104aand
104b are each a thin film having a thickness of the order
of wm, and therefore, breaking-up of alignment dia-
phragm 22aP can be easily done only by lightly touching
with the aforementioned stick or the like.

[0053] As illustrated in FIG. 7B, alignment mark 402 is
provided at a position of substrate 401 corresponding to
observation window OW of substrate 101. Alignment
mark 402 is an example of an alignment item of the
present invention.

[0054] Moreover, as illustrated in FIG. 7A, alignment
mark 105 of the same shape and of the same direction
as alignment mark 402 provided on substrate 401 illus-
trated in FIG. 7B is provided on substrate 101 in advance.
Note that examples of methods for forming alignment
marks 105 and 402 include a sputtering process, vapor
deposition process, pattern printing process, and the like.
[0055] The alignment and bonding of substrates 101
and 401 configured as described above are carried out,
for example, using an optical recognition device (not il-
lustrated) or the like. Specifically, as illustrated in FIG. 8,
while substrate 101 is held above substrate 401, sub-
strate 101 or substrate 401 is moved to a position where
alignment mark 402 provided on substrate 401 is prefer-
ably observed by a camera of the optical recognition de-
vice through observation window OW. FIG. 8 is an ex-
planatory view for explaining alignment method 1 and is
a sectional view of substrates 101 and 401 at the position
of alignment diaphragm 22aP. Note that, illustration of
diaphragms 22a other than alignment diaphragm 22aP
is omitted in FIG. 8 for explanation.

[0056] Here, the optical recognition device moves sub-
strate 101 or substrate 401 until the shape and direction
of alignment mark 402 recognized through observation
window OW and the shape and direction of alignment
mark 105 provided on substrate 101 correspond to each
otherin pattern matching. This allows accurate alignment
between substrates 101 and 401.

[0057] Note that, although the number and positions
of observation windows OW and alignment marks 402
are not particularly limited in the embodiments of the
present invention, it is desirable to provide at least two
or more observation windows OW and alignment marks
402 on each of substrates 101 and 401 from a viewpoint
of alignment between substrates. More preferably, it is
desirable to provide observation windows OW and align-

10

15

20

25

30

35

40

45

50

55

ment marks 402 at positions of each of substrates 101
and 401 corresponding to dummy diaphragms 22aD ex-
isting on opposite sides of the edge portion of substrate
101 across the center of substrate 101. Still more pref-
erably, observation windows OW and alignment marks
402 may also be provided at positions corresponding to
four dummy diaphragms 22aD existing on two mutually
perpendicular lines among multiple lines passing through
the center.

<Method 2>

[0058] Although alignment mark 105 used for pattern
matching is provided on substrate 101 in aforementioned
Method 1, Method 2 described below will be described
in relation to the case where alignment mark 105 is not
provided on substrate 101.

[0059] To beginwith, substrates 101 and 401 for which
the alignment is accomplished are prepared, and the
shape of alignment mark 402 recognized through obser-
vation window OW in the case where substrates 101 and
401 are successfully aligned to each other (such a shape
may hereinafter be referred to as "first shape") is stored
in advance in the optical recognition device. Then, when
substrates 101 and 401 are actually aligned to each oth-
er, the optical recognition device moves substrate 101
or substrate 401 until the shape of alignment mark 402
recognized through observation window OW corre-
sponds to the first shape stored in advance. This allows
accurate alignment between substrates 101 and 401.
[0060] Note that, not only the shape of alignment mark
402 but also the shape of inner wall surface of observa-
tion window OW and the shape of alignment mark 402
recognized through observation window OW may also
be stored together in the optical recognition device in
advance as the aforementioned first shape.

<Method 3>

[0061] As described above, vibrating plate 102 that is
one component element of diaphragm 22a has the thin
plate structure composed of the Si layer. It has been un-
derstood that silicon thin films transmit infrared radiation.
The optical recognition device can use the infrared radi-
ation for recognition of alignment mark 402 so as to per-
form alignment without breaking up alignmentdiaphragm
22aP. FIG. 9 is an explanatory view for explaining align-
ment method 3 in which infrared light is used.

[0062] However, because piezoelectric material layer
103 and electrodes 104a and 104b prevent transmission
of infrared radiation, it is desirable to remove piezoelec-
tric material layer 103 and electrodes 104a and 104b by
etching or the like before the alignment process.

<Method 4>

[0063] Method 4 is a method in which scribe lines used
during chip separation are utilized. Substrate 101 that is
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a SOl substrate includes predetermined scribe lines. In
Method 4, alignment diaphragm 22aP is provided on any
of these scribe lines.

[0064] FIG. 10 is an explanatory view for explaining a
case where alignment diaphragm 22aP is provided on
one of scribe lines SL.

[0065] In the case where alignment diaphragm 22aP
is provided on one of scribe lines SL, observation window
OW is created as with Method 1 by removing aremainder
ofalignmentdiaphragm 22aP, and the optical recognition
device recognizes the shape of alignment mark 402 on
substrate 401 through observation window OW, so that
alignment may be performed by pattern matching with
alignment mark 105 provided on substrate 101. Addition-
ally or alternatively, the alignment may also be performed
based on the shape of side wall surface left after removal
of alignment diaphragm 22aP (the shape of side wall sur-
face of observation window OW) and based on the shape
of alignment mark 402 recognized through observation
window OW. Additionally or alternatively, the alignment
may also be performed by providing an alignment mark
in the side surface of substrate 101 during scribing and
by using the alignment mark.

<Function and Effect>

[0066] As described above, the method for producing
a MEMS transducer according to the embodiments of
the present invention includes: a step of producing sub-
strate 101 (corresponding to the MEMS substrate of the
present invention) by using a MEMS technique to form
multiple diaphragms 22a in a substrate, multiple dia-
phragms 22a being formed by forming piezoelectric ma-
terial layer 103 on one surface of the substrate and there-
after by forming openings 101d in the substrate from the
other surface of the substrate; a step of aligning substrate
101 to substrate 401 on which signal detection circuit 400
is formed (substrate 401 corresponds to the electronic
circuit substrate of the present invention), by using at
least one of multiple diaphragms 22a as alignment dia-
phragm 22aP; and a step of bonding together substrate
101 and substrate 401.

[0067] Inthis way, according to the method for produc-
ing the MEMS transducer according to the embodiments
of the present invention, substrate 101 is aligned to sub-
strate 401 by using a part of multiple diaphragms 22a
formed on substrate 101 as alignment diaphragm 22aP.
This allows highly accurate alignment using a common
optical recognition device or the like neither without an
additional process nor without highly accurate equipment
for alignment. Additionally, a structure for alignment
(alignment diaphragm 22aP) is provided not on the side
of substrate 401 that is the electronic circuit substrate
side but on the side of substrate 101 that is the MEMS
substrate side, so that it is preferable in view of the cost
that the same circuit can be used as the electronic circuit
substrate when the MEMS transducer in which the
MEMS substrate including various characteristics and
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the electronic circuit substrate are bonded together is
produced. From the above reasoning, substrate 101 that
isthe MEMS substrate and substrate 401 that is the elec-
tronic circuit substrate can be connected to each other
with high accuracy and ta low cost.

[0068] Note that alignment using the method for pro-
ducing a MEMS transducer according to the embodi-
ments of the present invention brings about the following
advantages. When each of diaphragms 22a is formed in
substrate 101, upper and lower electrodes (electrodes
104aand 104b) and piezoelectric substance material lay-
er 103 can be processed from the front surface using the
alignment mark existing on the same front surface. In
contrast, when opening 101d is formed, it is necessary
to perform backside alignment from the back surface
based on the alignment mark on the front surface and to
process from the back surface, so that the position of
piezoelectric material layer 103 may be shifted slightly
from the position of opening 101d depending on the ac-
curacy. With the use of the method for producing of a
MEMS transducer according to the embodiments of the
present invention, it is made possible to perform align-
ment regardless of the position of piezoelectric material
layer 103 even when the position of piezoelectric material
layer 103 is shifted slightly from the position of opening
101d since the alignment is performed based on the
shape of alignment mark 402 recognized through obser-
vation window OW.

[0069] Additionally, in the method for producing of a
MEMS transducer according to the embodiments of the
present invention, multiple diaphragms 22a include
channel diaphragms 22aC which constitute the channel
used for transmission/reception of ultrasonic waves
(channel diaphragms 22aC correspond to the first dia-
phragms of the present invention) and dummy dia-
phragms 22aD not used for transmission/reception of ul-
trasonic waves (dummy diaphragms 22aD correspond
to the second diaphragms of the present invention), and
alignment diaphragm 22aP is at least one of dummy di-
aphragms 22aD.

[0070] With suchaconfiguration,alignmentdiaphragm
22aP can be formed simultaneously inthe same process-
ing process as the normal channel diaphragms 22aC, so
that high relative-position accuracy can be ensured and
the cost can be held down.

[0071] Additionally, the method for producing of a
MEMS transducer according to the embodiments of the
present invention further includes a step of creating ob-
servation window OW by destroying and removing align-
ment diaphragm 22aP, and, in the step of aligning sub-
strate 101 to substrate 401, substrates 101 and 401 are
aligned to each other based on observation window OW
and alignment mark 402 provided on substrate 401 in
advance (alignment mark 402 corresponds to the align-
ment item of the present invention).

[0072] Alternatively, the method for producing of a
MEMS transducer according to the embodiments of the
present invention further includes a step of removing pi-
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ezoelectric material layer 103 located on alignment dia-
phragm 22aP, and, in the step of bonding together sub-
strates 101 and 401, substrates 101 and 401 are aligned
to each other based on alignment diaphragm 22aP and
alignment mark 402 provided on substrate 401 in ad-
vance, using infrared radiation that passes through align-
ment diaphragm 22aP from which piezoelectric material
layer 103 is removed.

[0073] Alternatively, the method for producing of a
MEMS transducer according to the embodiments of the
presentinvention further includes a step of forming align-
ment diaphragm 22aP, in the step of producing substrate
101, on scribe line SL used for singulation of substrate
101, and, in the step of bonding together substrates 101
and 401, substrates 101 and 401 are aligned to each
other based on alignment diaphragm 22aP and align-
ment mark 402 provided on substrate 401 in advance.
[0074] Such configurations allow highly accurate align-
ment using a common optical recognition device or the
like neither without an additional process nor without
highly accurate equipment for alignment. Therefore, sub-
strate 101 that is the MEMS substrate and substrate 401
that is the electronic circuit substrate can be connected
to each other with high accuracy and ta low cost.

<Modification>

[0075] Although the embodiments of the present in-
vention have been described above with reference to the
drawings, the present invention is not limited to these
examples. The technical scope of the present invention
encompasses various variations and modifications which
a person skilled in the art can conceive within the scope
of the appended claims. Moreover, any combination of
features of the above-mentioned embodiments may be
made without departing from the spirit of the disclosure.
[0076] In the above-described embodiments, the
pMUT that is an ultrasonic transducer has been de-
scribed as an example of the MEMS transducer. How-
ever, the present invention is not limited to this example.
For example, the present invention is widely applicable
to various kinds of piezoelectric modules (and piezoelec-
tric devices using the piezoelectric modules), each of
which includes a diaphragm layer and a piezoelectric ma-
terial layer disposed on the diaphragm layer and utilizes
converting function of converting mechanical deforma-
tion of a piezoelectric substance to voltage. Specifically,
the present invention may also be applied, for example,
to an angular velocity sensor, an inkjet head, a minute-
mirrors actuating element, or the like.

Industrial Applicability

[0077] The present invention is suitable for a method
for producing a MEMS transducer used for an ultrasound
diagnostic apparatus..

[0078] Although embodiments of the present invention
have been described and illustrated in detall, it is clearly
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understood that the same is by way of illustration and
example only and not limitation, the scope of the present
invention should be interpreted by terms of the appended
claims.

Claims

1. A method for producing a MEMS transducer (22),
the method comprising:

a step of producing a MEMS substrate (101) by
using a MEMS technique to form a plurality of
diaphragms (22a) in a substrate, the plurality of
diaphragms (22a) being formed by forming a pi-
ezoelectric material layer (103) on one surface
of the substrate and thereafter by forming open-
ings (101d) in the substrate from the other sur-
face of the substrate ;

a step of performing alignment between the
MEMS substrate (101) and an electronic circuit
substrate (401) by using at least one of the plu-
rality of diaphragms (22a) as an alignment dia-
phragm (22aP); and

a step of bonding together the MEMS substrate
(101) and the electronic circuit substrate (401).

2. Themethodfor producingthe MEMS transducer (22)
according to claim 1, wherein the MEMS transducer
(22) is a piezoelectric micromachined ultrasonic
transducer (pMUT).

3. The method for producingthe MEMS transducer (22)
according to claim 1 or 2, wherein a signal detection
circuit (400) is formed on the electronic circuit sub-
strate (401), the signal detection circuit (400) detect-
ing a transmission signal or a reception signal for
transmission or reception of an ultrasonic wave at
the plurality of diaphragms (22a).

4. The method forproducingthe MEMS transducer (22)
according to any one of claims 1 to 3, wherein
the plurality of diaphragms (22a) include first dia-
phragms (22aC) constituting a channel used for the
transmission or reception of the ultrasonic wave and
second diaphragms (22aD) not used for the trans-
mission or reception of the ultrasonic wave, and
the alignment diaphragm (22aP) is at least one of
the second diaphragms (22aD).

5. The method for producingthe MEMS transducer (22)
according to any one of claims 1 to 4, further com-
prising a step of creating an observation window
(OW) by destroying and removing the alignment di-
aphragm (22aP), wherein,
in the step of performing the alignment between the
MEMS substrate (101) and the electronic circuit sub-
strate (401), the alignment is performed based on
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the observation window (OW) and an alignment item
(402) provided in advance on the electronic circuit
substrate (401).

The method for producing the MEMS transducer (22)
according to any one of claims 1 to 4, further com-
prising a step of removing the piezoelectric material
layer (103) located on the alignment diaphragm
(22aP), wherein,

in the step of bonding together the MEMS substrate
(101) and the electronic circuit substrate (401), the
alignment is performed by using infrared radiation
that passes through the alignment diaphragm (22aP)
from which the piezoelectric material layer (103) is
removed, the alignment being performed based on
the alignment diaphragm (22aP) and an alignment
item (402) provided in advance on the electronic cir-
cuit substrate (401).

The method for producing the MEMS transducer (22)
according to any one of claims 1 to 4, further com-
prising a step of forming the alignment diaphragm
(22aP) on a scribe line (SL) used for singulation of
the MEMS substrate (101), in the step of producing
the MEMS substrate (101), wherein,

in the step of bonding together the MEMS substrate
(101) and the electronic circuit substrate (401), the
alignment is performed based on the alignment dia-
phragm (22aP) and an alignmentitem (402) provided
in advance on the electronic circuit substrate (401).

A MEMS transducer (22), comprising:

a MEMS substrate (101) produced by using a
MEMS technique to form a plurality of dia-
phragms (22a) in a substrate, the plurality of di-
aphragms (22a) being formed by forming a pie-
zoelectric material layer (103) on one surface of
the substrate and thereafter by forming open-
ings (101d) in the substrate from the other sur-
face of the substrate, one part of the plurality of
diaphragms (22a) being determined as first di-
aphragms (22aC) constituting a channel used
for transmission or reception of an ultrasonic
wave, the other part of the plurality of dia-
phragms (22a) being determined as second di-
aphragms (22aD) not used for the transmission
or reception of the ultrasonic wave, at least one
of the second diaphragms (22aD) being de-
stroyed and removed to be created as an obser-
vation window (OW); and

an electronic circuit substrate (401), wherein
the MEMS substrate (101) and the electronic
circuit substrate (401) are aligned to each other
using the observation window (OW) and the
MEMS substrate (101) and the electronic circuit
substrate (401) are bonded together.
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9. A MEMS transducer (22), comprising:

a MEMS substrate (101) produced by using a
MEMS technique to form a plurality of dia-
phragms (22a) in a substrate, the plurality of di-
aphragms (22a) being formed by forming a pie-
zoelectric material layer (103) on one surface of
the substrate and thereafter by forming open-
ings (101d) in the substrate from the other sur-
face of the substrate , one part of the plurality of
diaphragms (22a) being determined as first di-
aphragms (22aC) constituting a channel used
for transmission or reception of an ultrasonic
wave, the other part of the plurality of dia-
phragms (22a) being determined as second di-
aphragms (22aD) not used for the transmission
or reception of the ultrasonic wave, at least one
of the second diaphragms (22aD) being created
as an alignment diaphragm (22aP) by removing
the piezoelectric material layer (103) of the at
least one second diaphragm; and

an electronic circuit substrate (401), wherein
the MEMS substrate (101) and the electronic
circuit substrate (401) are aligned to each other
using infrared radiation that passes through the
alignment diaphragm (22aP) and the MEMS
substrate (101) and the electronic circuit sub-
strate (401) are bonded together.

10. An ultrasound probe (20), comprising the MEMS

transducer (22) according to claim 8 or 9.

11. An ultrasound diagnostic apparatus (1) that gener-

ates an ultrasound diagnostic image using a re-
ceived ultrasonic signal obtained from an ultrasound
probe (20) including the MEMS transducer (22) ac-
cording to claim 8 or 9.



EP 3 424 603 A1

—~ 10

Simyt

30

20

2

Bl

10

FIG. 1



EP 3 424 603 A1

¢ Ol

NOLLO3S
ONISS300Hd e zﬂMWwwwm
J9VII
R er— 4
L 4
NOLLO3S < NOILOES
NOWLO3S AVIdSId i
TOMLNOD | NOISSINSNYYL
Gl 91 ¢l
NOILO3S
L1NdNI NOLLYYHEdO
L~
st e e B
ol

0¢€

3804d
aNNOSYY.LIN

\!.kx..

0¢

1"



EP 3 424 603 A1

ve
€ T

66
le

0¢

¢ Old

12



22a

]

aaaaaaaaaaa

Bo'ooloolo0!

OO0

pa . A A

00
00

O

EP 3 424 603 A1

0O

— —

00

'00l00/00[00!
10000

OO0l
OQO!

100,

00

00

OO,
OOl

100

OO0

0000

ole

S |

'00]00

QO

>

00

00

00,00,00,

0O

oo:
OO0

,_._—I

O
O
00

oo

00

00

'ooloojooloo!

OO!

— |

00

00

ole

[00,00,00,00,

OO

OO
OOl

00

00

'ooloofooloo
100,00,00,00

e— o

13

100[{00[{00;{000

G
:

..._.6:
OO,

e RGBT

OO:
OO

T A S— W, —"

1

e

FIG. 4



100

EP 3 424 603 A1

104b
101a
THROUGH-SILICON VIA

O I T I SN T B g
e R Y
GO0 s N

103

s e AL AN,
e s e
e muum’mu..m-mm-; TS

104a

N
N
N o
N S
N =
N
m/\
N

- \
N
N ,
Ef:%

©
o
o
B

14

FIG. 5




EP 3 424 603 A1

101

15

W DUMMY DIAPHRAGM 22aD

CHANNEL DIAPHRAGM 22aC

FIG. 6



EP 3 424 603 A1

/
l@olooloojoooo |
e __Q_.O Omo OMO O;_O Omom DUMMY DIAPHRAGM
22aP(OW) ' 00,00,00,00,00 e
100]00,00,00,00 4
'00]00]00,00,00
00,00,00,00,00
rbmo OMO O_O Owo Omom CHANNEL DIAPHRAGM
| p__o'o_o'o___ﬁo'o*__o'o_o__ a0
'00,00,00,00,00
'00,00,00,00,00
» e

DUMMY DIAPHRAGM CHANNEL DIAPHRAGM
223D 22aC

FIG. 7A

402

401

FIG. 7B

16



CAMERA

101

22aP (OW)

EP 3 424 603 A1

17

402

401

FIG. 8



6 Old

1017

....................

EP 3 424 603 A1

18

\ //%//?V////V/,, wmmmmmmwmmmmm.wummmwﬂmmMmm

e
e
s
—- - —.
«
£
ra
. o
s
o
e
W
T
S
=
Pl
o
e
o
+

VH3IWvo




EP 3 424 603 A1

—
<

{oo}/oo}
00,00

00,00
00,00

100,00,
00,00,

00,00
0000

100,00,
00,00

0000
00,00

00,00

00|00
00,00

(WALWEW WA LW LW I LW LW
DOI00I00I00I00

100,00

22aP (OW) |

00,00

\_I

19

FIG. 10



10

15

20

25

30

35

40

45

50

55

EP 3 424 603 A1

des

Européisches
Patentamt

European

Patent Office

EUROPEAN SEARCH REPORT

ce européen
brevets

[

EPO FORM 1503 03.82 (P04C01)

DOCUMENTS CONSIDERED TO BE RELEVANT

Application Number

EP 18 17 7581

Category Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
of relevant passages to claim APPLICATION (IPC)
A US 2013/140955 Al (CHAGGARES N CHRISTOPHER|1-11 INV.
[CA] ET AL) 6 June 2013 (2013-06-06) BO6B1/06
* abstract; figures 11A,11B * B81C3/00
* paragraphs [0002], [0009], [0051], HO1L23/544
[0102] - [0103] * HO1L41/312
A US 2006/082257 Al (BIBL ANDREAS [US] ET  [1-11
AL) 20 April 2006 (2006-04-20)
* abstract; figures *
* paragraphs [0001] - [0002], [0043] -
[0045], [0058], [0063] - [0070] *
A US 2002/175975 Al (MITSUHASHI MASASHIGE 1-11

[JP] ET AL) 28 November 2002 (2002-11-28)
* abstract; figures *
* paragraphs [0078],
[0103] *

[0079], [0095] -

TECHNICAL FIELDS
SEARCHED (IPC)

BO6B
HO1L
B81C
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner

The Hague

31 October 2018 Scappazzoni, E

CATEGORY OF CITED DOCUMENTS

X : particularly relevant if taken alone

Y : particularly relevant if combined with another
document of the same category

A : technological background

O : non-written disclosure

P : intermediate document

T : theory or principle underlying the invention

E : earlier patent document, but published on, or
after the filing date

D : document cited in the application

L : document cited for other reasons

& : member of the same patent family, corresponding
document

20




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

EP 3 424 603 A1

ANNEX TO THE EUROPEAN SEARCH REPORT

ON EUROPEAN PATENT APPLICATION NO. EP 18 17 7581

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

31-10-2018
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2013140955 Al 06-06-2013 US 2013140955 Al 06-06-2013
US 2016107193 Al 21-04-2016
US 2017197232 Al 13-07-2017
US 2006082257 Al 20-04-2006 AT 545159 T 15-02-2012
CN 101069295 A 07-11-2007
EP 1815537 Al 08-08-2007
EP 2383810 Al 02-11-2011
HK 1107873 Al 15-06-2012
HK 1163345 Al 09-08-2013
JP 5139805 B2 06-02-2013
JP 5398805 B2 29-01-2014
JP 2008516784 A 22-05-2008
JP 2012016818 A 26-01-2012
KR 20070083774 A 24-08-2007
TW 1384661 B 01-02-2013
US 2006082257 Al 20-04-2006
WO 2006044329 Al 27-04-2006
US 2002175975 Al 28-11-2002 JP 3603828 B2 22-12-2004
JP 2003048323 A 18-02-2003
US 2002175975 Al 28-11-2002
US 2004104977 Al 03-06-2004

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

21




EP 3 424 603 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

 JP 5108100 B [0005] * JP 2006202918 A [0005]
* JP 5450396 B [0005]

22



	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

